ABSTRACT A meta-analysis was conducted to evaluate the effect of the carotenoid canthaxanthin on production performance in layer hens. The data set contained 576 performance measurements from 34 trials. The trials were all conducted according to a similar experimental protocol from 1997 to 2012. The age of the animals ranged from 21 to 65 weeks. The experimental diets were predominantly wheat/SBM based, fed in mash form ad libitum. Depending on the trial and the treatment group considered, canthaxanthin supplementation was in the range of 0 to 8 mg/kg of feed.
INTRODUCTION
Carotenoids are a class of natural fat-soluble compounds, mainly de novo synthesized by plants. They occur widely in nature, largely ranging from yellow to red pigments. Their use in enhancing egg yolk color is a widely accepted practice in the poultry industry, and they are considered safe by regulatory authorities around the world (Amaya et al., 2013) . It is generally agreed that visual appearance, especially color, is an important characteristic involved in food selection prior to consumption. Although pigmentation of animal derived products was the primary role associated to carotenoids, other functions also have been reported. These include improved antioxidant capacity in tissues during embryonic development (Surai, 2012) and productive and reproductive performance in breeders (Rosa et al., 2012) .
Canthaxanthin (C 40 H 52 O 2 ), chemically known as beta-carotene-4, 4 -dione (4, 4 -diketo-β-carotene), is C 2017 Poultry Science Association Inc. Received November 15, 2016. 1 Corresponding author: Murtala.Umar-Faruk@dsm.com found in certain plants, animals, and microorganisms (Bhosale and Bernstein, 2005) and contributes to the orange-red color of egg yolk. From a functional point of view, canthaxanthin is classified as a non-vitamin, a precursor that pigments animal tissues and products such as skin and egg yolks, respectively.
The use of canthaxanthin in animal feed has been a subject of numerous studies, mainly in combination with yellow carotenoids (Apocarotenoic ester) to find an optimum combination that will provide the golden orange color in egg yolks. The data used in this current meta-analysis was obtained primarily from these studies. Meta-analysis is a relevant statistical method, used to aggregate data from previous research work and to quantify knowledge (St-Pierre, 2001; Sauvant et al., 2008) .
The majority of studies cited above on the different functions of carotenoids were conducted on breeder laying hens to determine the effect of carotenoids on the reproductive and immune/antioxidative response. However, little information is available on the effect of canthaxanthin on production parameters in laying hens destined for table egg production. Thus, the objective of this work is to investigate the impact of 84 canthaxanthin on egg production parameters in laying hens by applying a meta-analysis to a dataset collected in our research station from a series of comparable trials conducted from 1997 to 2012.
MATERIALS AND METHODS
The datasets used in the current analysis were generated in 34 different individual trials, conducted between 1997 and 2012. The trials were conducted at the Research Center for Animal Nutrition and Health, located in Village-Neuf, in the eastern part of France. The trials were conducted in accordance with French guidelines on the use of live animals for research purposes. The main objective of all the considered trials was to compare the pigmenting efficacy of different carotenoids used to pigment table eggs. Treatments containing other added carotenoids were not included. The trials were all conducted in the same laying house. The duration was generally 3 wk due to the fact that their main objective was to evaluate egg yolk pigmentation. The trials were conducted using ISA brown laying hens between 21 and 65 wk of age. The animals were housed in individual cages in an environmentally controlled room. Lighting was 16:8D, and temperature and relative humidity were 18 ± 2
• C and 55%, respectively. Mash feed was provided for ad libitum feeding in all trials. Measurements included feed intake, egg production, egg weight, feed conversion ratio and egg mass. Other measured parameters were carotenoid content in egg yolk and colorimetry measurements (L * a * b * and YolkFan R color values) on the egg yolk. The data file contained 576 data points, each representing 3 hens. A linear dose-response model was applied to the dataset, assuming a linear association of the outcome with the measured canthaxanthin concentration in the feed, and assuming variability among the intercepts of each trial, i.e., the performance of the control groups might vary among trials due to the different ages of the laying hens, differing feed lots, and other fluctuations. The model was coded as a linear mixed model using the analyzed canthaxanthin dose in the feed as a fixed effect and the trial ID as a random intercept. The R open source statistics software version 3.0.2 (2013-09-25) was used for all statistical analyses (R core team, 2013). It was running on Linux Ubuntu 9.10 on a 64-bit system. For the linear mixed models, the function lme() in the package nlme Version 3.1-117 was used (Pinheiro et al., 2015) .
RESULTS AND DISCUSSION
The typical composition of the experimental diet is given in Table 1 . Diets were relatively stable across trials. They contained wheat (38 ± 1.5%), SBM (20 ± 3%), rice (22 ± 2%), CaCO 3 (7 ± 1%), oats (5 ± 2%), soy oil (2 ± 2%), and others (5 ± 2%). This provided 16% CP, 2840 kcal/kg ME, 0.7% dLys, 0.35% dMet, 0.5% total P, and 3.4% total Ca. This compo- sition is regarded as standard in the research center meeting the nutritional requirements of the laying hens and is in line with nutrient recommendations.
The description of the dataset used in the metaanalysis is shown in Table 2 . It was observed that the minimum age of the animals at the start of the trials was 21 wk, and the maximum was 62 wk at the end of the trials with a mean age of 44.5 weeks. Mean hen day egg production was 86.1% with a maximum of 100% and a minimum of 28.6%, depending on the age of the animals. Mean egg mass was 53.7 g per egg. Mean egg weight was 61.4 g. Mean daily feed intake was 110.2 g/b/d and varied between 70.9 g/b/d to 208.3 g/b/d. Mean feed conversion ratio (g feed: g egg) was 2.083, ranging from 1.536 to 5.144.
These results suggest that the performance of the birds in our database is in line with the breeder range. Some minor discrepancies could be observed that can be attributed to different factors, such as the rearing environment as well as the diet composition, which can all be slightly different from those in the breeder rearing conditions. However, the pattern (Figure 1 ) of evolution over time for feed intake (g/b/d), egg production (%), and egg weight (g/egg) was similar to breeder recommendations (ISA Brown Management Guide, 2007) .
A linear relationship (r 2 = 0.7903) was observed between the amount of canthaxanthin measured in the feed and the amount of canthaxanthin measured in the egg yolk (Figure 2) . Per 1 mg/kg of canthaxanthin present in the diet, about 2.25 mg/kg were found in the egg yolk.
The effects of canthaxanthin on the studied parameters are shown in Table 3 . No significant effect of UMAR FARUK ET AL. 16.9 9.8 16 * The canthaxanthin doses measured in the diets are shown on the x-axis in Figure 2 . canthaxanthin was observed on egg production and FCR. The regression intercept for egg production in the control groups was 86.2%, with a numerical increase of 0.24% for each ppm of canthaxanthin inclusion in the feed (P = 0.13). The FCR in the control groups was 2.097, which decreased numerically by 0.005 per ppm of canthaxanthin inclusion in the feed (P = 0.36). A significant (P < 0.05) effect of canthaxanthin was observed on egg weight and egg mass. The regression intercept for the egg weight in the control groups was Table 3 . Effect of Canthaxanthin on egg production parameters in laying hens, based on a regression analysis that used the Canthaxanthin dose measured in the diets as predictor. 62.0 g, and each ppm of canthaxanthin in the feed resulted in an additional 0.1 g (P = 0.046). The regression intercept for egg mass in the control groups was 52.8 g, and each ppm of canthaxanthin in the feed resulted in an additional 0.25 g (P = 0.013). The regression intercept of the egg yolk weight in the control group was 16.4 g, and each ppm of canthaxanthin in the feed resulted in an additional 0.09 g (P < 0.001).
The regression intercept for feed intake in the control group was 108.5 g/b/d, and it increased by 0.35 g/b/d with each additional ppm of canthaxanthin in the feed (P = 0.006).
Although there is limited information on the effect of canthaxanthin supplementation on egg production parameters in laying hens, canthaxanthin effects on the reproductive performance have been reported by several authors. For example, Rosa et al. (2012) observed an improvement in breeder hen fertility and reduced embryo mortality when 6 mg/kg of Canthaxanthin were supplemented in the diet.
The linear increase in the content of canthaxanthin in egg yolk with the increasing dietary content suggests a high transfer rate of this carotenoid to the egg, which makes it even more plausible to associate the observed effects to this carotenoid. While the interpretation of the results is limited to the range between 0 and 8 mg/kg of supplemented canthaxanthin in the diet, it was observed that a plateau had not been reached with the available dosages in the dataset.
Results of the current meta-analysis showed a significant increase in egg yolk weight. Dietary supplementation of carotenoids (e.g., β-carotene) is known to increase the synthesis and protection of yolk precursors against oxidation (Blount et al., 2004) . The highly significant increase in egg yolk weight in the current study suggests that canthaxanthin has a function similar to that reported for β-carotene, but the mode of action needs further investigation. It is known that β-carotene stimulates the expression of estrogenic enzymes in vitro (Ng et al., 2000) . Speake et al. (1998) reported that in the avian embryo, estrogen stimulates the expression of hepatic genes that code for the synthesis of very lowdensity lipoprotein (VLDL) and vitellogenin, which are the main sources of yolk lipid and protein, respectively. However, the composition of the egg yolk was not measured in the current study, and it was therefore not possible to determine if canthaxanthin influences VLDL or if it influences vitellogenin.
